Red clover mottle virus (RCMV) is a member of the comoviruses, a group of picornavirus-like plant viruses. The X-ray structure of RCMV strain S has been determined and refined to 2.4 Å. The overall structure of RCMV is similar to that of two other comoviruses, Cowpea mosaic virus (CPMV) and Bean pod mottle virus (BPMV). The sequence of the coat proteins of RCMV strain O were modeled into the capsid structure of strain S without causing any distortion, confirming the close resemblance between the two strains. By comparing the RCMV structure with that of other comoviruses, a structural fingerprint at the N terminus of the small subunit was identified which allowed subgrouping of comoviruses into CPMV-like and BPMV-like viruses.
the heterologous strain. This implies that any differences in the amino acid sequences of the coat proteins from the different strains do not dramatically alter their structure and assembly characteristics.
Our basic knowledge of comovirus structure has been derived from crystallographic studies of CPMV and BPMV (10, 31, 48 ; T. Lin, Z. Chen, R. Usha, C. V. Stauffaacher, J.-B. Dai, T. Schmidt, and J. E. Johnson, submitted for publication). In both cases the structures reveal architectures typical of Pϭ3 plant and animal viruses, with the asymmetric unit consisting of three eight-stranded antiparallel ␤-sandwich domains (38) (Fig. 1) . The A domain is located around the fivefold axes and comprises the S subunit of either 24 kDa (CPMV) or 22 kDa (BPMV). The B and C domains, located alternately around threefold axes, are formed by the L subunit of 41 kDa (in both cases). Despite the apparent overall similarity between the CPMV and BPMV structures, the viruses show different physical properties. For example, by ultracentrifugation on CsCl gradients, the RNA 1-containing component (bottom component) of CPMV could be separated into subcomponents, termed bottom-upper (B U ) and bottom-lower (B L ) components (4) . This behavior was associated with the Cs ion permeability of the particle (53) . By contrast, the bottom component of BPMV could not be separated into subcomponents by CsCl gradient centrifugation (4) . In terms of its permeability to Cs ions, RCMV appears to be more similar to CPMV than to BPMV (1) . This finding is consistent with the subgrouping based on the sequence alignments. Another difference between CPMV and BPMV is that while the crystal structure of the RNA 2-containing component (middle component) of BPMV revealed ordered ribonucleotides in an RNA binding pocket (10) , no such ordered RNA was seen in the corresponding CPMV structure. The diverse properties of CPMV and BPMV provided an incentive for the further investigation of comovirus structures. To this end, crystals of RCMV strain S were prepared and used to solve the structure of the virus by molecular replacement.
FIG. 1. The structures of viral capsid and the icosahedral asymmetric unit of RCMV. Two proteins (S and L subunits) are in the RCMV capsid. The S subunit forms the A domain (in blue), while the L subunit forms the B (red) and C (green) domains. (A) Stereoview of a space-filling drawing of the RCMV capsid. All atoms are shown as spheres corresponding to a diameter of 1.8 Å. The pentameric S subunits form the protrusion. The CPK presentation was made with MidasPlus (14, 20) . (B) At the top, the icosahedral asymmetric unit of the capsid is color coded in the schematic presentation of the CPMV capsid. The S subunit occupies the A position, forming the A domain around the fivefold axis; the two domains of the L subunit occupy the B and C positions. Positions A, B, and C are quasiequivalent positions of identical gene products in a Tϭ3 surface lattice. At the bottom, a stereoview of a ribbon diagram of the icosahedral asymmetric unit is shown. All three domains are variations of the jelly-roll ␤-sandwich structure. The schematic presentation of composite proteins, L and S subunits, is also shown. The ribbon diagrams were drawn with the program MOLSCRIPT (26) .
MATERIALS AND METHODS
Virus propagation and purification. RCMV strains S and O (34) were propagated in Pisum sativum cv "Onward," and virus particles were purified as described by Shanks et al. (41) . RNA was extracted from virus particles by the method of Zimmern (55) .
Determination of the structure of RCMV strain S. Elongated RCMV crystals were produced by the sitting drop vapor diffusion method (33) . The starting solution contained 10 mg of RCMV per ml in 10 mM sodium phosphate (pH 7). The reservoir solution contained 50 mM potassium phosphate (pH 7), 1.8% polyethylene glycol 8000, 0.3 M ammonium sulfate, 2 mM EDTA, and 1 mM sodium azide. Equal volumes of the virus and reservoir solution were mixed and equilibrated with the reservoir solution at room temperature. The crystals grew to 0.5 to 1 mm in all dimensions after 5 to 7 days.
The lifetime of RCMV crystals was about 40 h under CuK␣ radiation of a rotating anode operating at 35 kV and 40 mA. Screenless precession photographs with X-ray perpendicular to hk0 and h0l were taken with a angle of 1.5°. A complete data set, including 257 pairs of oscillation patterns, was recorded on photographic films in the A1 station of the Cornell High Energy Synchrotron Source with crystal-to-film distance of 90 or 100 mm, oscillation angle of 0.5°, and wavelength of 1.565 Å. The diffraction patterns were digitized at 50-m intervals on a rotating-drum microdensitometer (Optronics model C-4100; Optronics International, Inc., Chelmsford, Mass.). The crystal orientations were determined by an autoindexing algorithm (25) . The recorded reflection maxima were processed (37), scaled, and postrefined (39) . A rotation function algorithm (50, 51) was used to resolve the ambiguity in the orientation. The initial structure factors were calculated from a poly(Ala) model of CPMV. The phase refinements were carried out as described previously (21, 40) . The models were built by the programs FRODO and O (22, 23 ). The refinement scheme was similar to that adopted for the refinement of CPMV structures (Lin et al., submitted). Random shifts of 0.25 Å were applied to the coordinates before we calculated the structure factors from a refined model. These structure factors were used to calculate omit maps to differentiate ambiguities. Difference Fourier synthesis techniques with the resulting electron density map being averaged once were used to locate the water molecules by use of the programs PEAKMAX and WATPEAK of the CCP4 suite (12) . Automatic procedures in program O were used to model the water molecules. The suite PROCHECK (29) was used to monitor the geometries of the models. The coordinates will be deposited in the Protein Data Bank.
Determination of the strain O coat protein sequences. The virus-specific inserts in plasmids pRCOM-C27 and pRCOM-D1 (36) were excised by digestion with EcoRI and subcloned in EcoRI-digested M13mp18. Two subclones of pR-COM-C27, with inserts in the opposite orientation, were sequenced by the exonuclease III deletion method of Henikoff (16) by using the Ϫ40 universal primer. Sequencing was carried out either manually with Sequenase (U.S. Biochemicals) and [␣- 35 S]dATP or automatically by using an Applied Biosystems 373 DNA sequencer. Gaps in the sequence were filled in by manual sequencing with specific primers within the virus-specific region. Additional sequence information in the region encoding the N terminus of the L protein was obtained from the subclones of pRCOM-D1 by priming with specific primers. Further RNA 2-specific cDNA clones were obtained by producing double-stranded cDNA to RNA 2 as described earlier (41) , digesting the DNA with Sau3A, and ligating the products into BamHI-digested M13mp18. The resulting recombinants were sequenced manually as described above.
N-terminal sequence analysis of the strain O coat proteins. A sample of purified strain O virions was denatured and electrophoresed on a polyacrylamide gel, and the proteins were transferred to Problott membranes as described by Achon et al. (2) . The protein bands were visualized by staining with 1% (wt/vol) Amido Black, and individual bands were excised for N-terminal sequence analysis by using an Applied Biosystems model 492 gas-phase protein sequencer.
RESULTS AND DISCUSSION
Determination of the structure of RCMV strain S. The space group of RCMV strain S crystals was determined by screenless precession photography. The precession photographs of the hk0 and h0l planes of RCMV crystals showed two perpendicular mirror planes. The same symmetry elements were also found in the higher layers of the diffraction patterns, suggesting 222 symmetry. All the reflections with indices of hϩkϩlϭodd were systematically absent, indicating a centered lattice. The cell dimensions were not the same along three axes, indicating the space group I222. Packing considerations required that the three noncrystallographic twofold axes of the particle were coincident with the crystallographic twofold axes. Consequently, there was 15-fold noncrystallographic redundancy. There was no translation problem, but the particle orientation remained to be determined from two possibilities.
RCMV crystals diffracted X-rays to 2.2 Å with synchrotron radiation. A complete data set comprised of 257 A-B pairs of oscillation patterns recorded on photographic film was obtained. The lattice constants for the orthorhombic body-centered cell were a ϭ 333.4, b ϭ 305.0, and c ϭ 315.0 Å. Fifty A films were initially processed, scaled, and postrefined. The cell dimensions were refined as a ϭ 332.07, b ϭ 303.87, and c ϭ 314.31 Å. These parameters were used to reprocess the original 50 and the rest of the A films to 2.4 Å. Analysis of the intensity profile as a function of resolution (54) showed that reflections at the lower resolution were underestimated, probably due to the saturation of film by large numbers of highintensity reflections. Subsequently, the B films were also processed, and the reflections were merged with the reflections of the A films. The final data set contained 451,303 reflections, with an R merg of 8.8%. The completeness of the data is listed in Table 1 .
A self-rotation function (50, 51) was used to resolve the ambiguity in the particle orientation. CPMV was chosen as the initial phasing model. The direct sequence homology is 53% between RCMV and CPMV coat proteins (41) , and the two virus particles share similar physical properties (reference 31 and references therein). The starting phases were calculated from a poly(Ala) CPMV model placed in the RCMV cell, and the phases were refined at a 3-Å resolution with 12 cycles of averaging. The final map was reasonably free of model bias as judged by side-chain density that matched the RCMV sequence ( Fig. 2A) . Manual building of an RCMV model was carried out based on the amino acid sequence of the coat proteins deduced from the nucleotide sequence of RNA 2 (41), taking into account the recently verified cleavage sites used to release the L and S capsid proteins (28) . With the introduction of an atomic mask (40) and calculation of the structure factors from the new model, the final round of averaging had a cor- 
Correlation coefficient (CC) is defined as follows:
relation coefficient of 96% for all the data between 30 and 2.4 Å ( Table 1 ). An equatorial section of the averaged electron density of the virus particle is shown in Fig. 2B . All residues were assigned in the final model except 32 C-terminal residues (residues 183 to 214) of the S subunit and 8 C-terminal residues (residues 369 to 376) of the L subunit, which were disordered. In light of the CPMV structure, the undefined density of the C terminus of the S subunit can also be attributed to a partial degradation (27, 31 ; Lin et al., submitted). Refinement and overall structure. The RCMV model was initially refined by simulated annealing (5-7), which decreased the R factor from 26.4 to 16.3% for data between resolutions of 10.0 and 5.0 Å. Further simulated annealing followed by conjugate gradient minimizations and manual modeling with data between resolutions of 8.0 and 3.0 Å decreased the R factor from 28.2 to 22.4%. A difference map was calculated and averaged once for the identification of water molecules. The resulting model was further refined by conjugate gradient minimization with data between resolutions of 10.0 and 2.4 Å to an R factor of 22.2%. Refinement of temperature factors was performed. The final structure includes 550 amino acid residues (4,238 atoms) and 122 water molecules in the icosahedral asymmetric unit with a crystallographic R factor of 19.9% for 442,909 reflections and with I/(I) Ն 2 in the resolution range of 10.0 to 2.4 Å. A Ramachandran plot of the main chain angles is shown in Fig. 3 .
The overall structure of RCMV is similar to CPMV (48; Lin et al., submitted) and BPMV (10) . Each icosahedral asymmetric unit is occupied by one S and one L subunit. By fivefold,
FIG. 2. Averaged electron density of RCMV. (A)
Stereoview of electron density around the N terminus of the S subunit. The initial phasing model (in "black tracing") is overlapped with the averaged density (in "chickenwire") and the final RCMV model (in "ball-and-stick"). The initial phasing model is derived from a poly(Ala) structure of CPMV. There was no indication of bias toward the initial phasing model in the averaged electron density. The RCMV sequence was modeled into the averaged electron density without ambiguity. The electron density shown was contoured at 1.5. This figure was drawn by using the program BOBSCRIPT (13) . (B) An equatorial section of the averaged electron density of the virus particle. The outer and inner dimensions of the particle along each symmetry element are indicated. The density was contoured at 2. This figure was generated with the program O (22, 23) .
The quality of the refined RCMV atomic model as shown in a Ramachandran plot of the main chain dihedral angles. Each glycine is represented as a black triangle; each nonglycine residue is represented as a black square. The areas from dark to light gray represent most-favored, allowed, generously allowed, and disallowed regions, respectively, for nonglycine residues. Ninety percent of the nonglycine residues were in the most-favored regions, and none were in the disallowed region. The atomic model was refined to a crystallographic R factor of 19.9% for 442,909 reflections between 10 and 2.4 Å and 19.3% for 412,704 reflections between 6 and 2.4 Å. There were 4,238 atoms from protein and 122 atoms from water molecules in the icosahedral asymmetric unit model. The root mean square deviations were as follows: for bond length, 0.014; for bond angle, 1.813; and for dihedral angle, 27.217. The crystallographic R factor is defined as follows:
This figure was generated by the program PROCHECK (29) .
threefold, and twofold symmetry operations, 60 copies of the icosahedral asymmetric units are generated that constitute the virus capsid with protrusions around the fivefold axes (Fig. 1) . The outer radius at the fivefold axes is 154 Å; the outer radius across the twofold axes is 127 Å, and the outer radius across the threefold axes is 136 Å. The average thickness of the capsid is about 40 Å. The S subunit is a simple ␤-barrel, while the L subunit contains two ␤-barrels in a single polypeptide chain.
Comparison of the RCMV capsid with the Tϭ3 surface lattice shows that the S subunit occupies the A (pentamer) position, while the N-terminal and C-terminal ␤-barrels of the L subunit occupy the C and B (quasihexamer) positions, respectively.
Comparison with the coat proteins of RCMV strain O. The structural implications of amino acid substitutions between the coat proteins of closely related strains of tobacco mosaic virus (TMV) have proved to be invaluable in assigning functions to various residues (3). To carry out a similar analysis on a comovirus, the amino acid sequences of the two coat proteins of RCMV strain O were determined by analysis of the nucleotide sequences of cDNA clones of the 3Ј-terminal region of strain O RNA 2 (36) . In total, the sequence of the 3Ј-terminal 2,565 nucleotides was determined. This sequence contained a single long open reading frame and the entire 3Ј noncoding region of RNA 2 (Fig. 4A) . The nucleotide sequence identity between strains S and O in the coding region was 75.9%, considerably higher than the 44% previously found in the 3Ј noncoding regions (36) . The amino acid sequences of the L and S subunits of RCMV strain O (Fig. 4B) were deduced by comparison of the amino acid sequence of the translation product of strain O RNA 2 with its strain S equivalent. The proposed cleavage sites for the release of the mature coat proteins were confirmed by Edman degradation with proteins isolated from a sodium do- decyl sulfate-polyacrylamide gel. The sequence of the C-terminal 187 amino acids of the RCMV 48K protein, a protein involved in cell-to-cell movement of comoviruses, could also be deduced (Fig. 4B) .
The L and S subunits of strain O consist of 376 and 214 amino acids (Fig. 4B) , respectively, exactly the same sizes as their strain S counterparts. Overall, the coat proteins of strains S and O are 90.2% (L) and 87.9% (S) identical. Visual inspec- tion of the alignment between the strain S and O coat proteins indicates that the changes are not evenly spread throughout the polypeptide chains but tend to be clustered (Fig. 4B) . One particularly notable cluster occurs between amino acids 175 and 191 of the L protein, where 8 of 17 amino acids have changed, and not necessarily in a conservative manner.
To investigate the structural implications of the sequence variations in the coat proteins of strains S and O, the residues which were changed in strain O were mapped onto the threedimensional (3D) structure of strain S. The changes in the strain O sequence can be comfortably accommodated in the atomic model of S strain with no obvious disruption of the structure. This finding is consistent with the observation that the two strains are serologically indistinguishable (P. Oxelfelt, unpublished data) and can form viable pseudorecombinants. Many of the changes are found on the exterior and interior surfaces of the viral capsid (Fig. 5) . Several of the changes found among the buried residues are compensatory. For example, residues Ile285 and Val294 of the L subunit are packed against each other in strain S. The coordinated sequence changes to Val285 and Ile294 in strain O result in the occupation of the same volume and thus do not alter the capsid structure. As shown in Fig. 5B , many changes cluster around a cleft on which RNA was located in the BPMV structure (10) . The most variable sequence (eight changes between amino acids 175 and 191 of the L subunit) comprises the top half of this cluster and is in the region connecting the C and B domains. Changes in the sequence in this nucleotide-binding re- FIG. 6 . Stereoviews of comovirus subunits in the formation of a channel along the fivefold symmetry axis. The S subunit is in dark gray tracing; the L subunit is in light gray tracing. (A) RCMV. Tracings of three N-terminal residues from all five S subunits, which form the pentameric annulus, are shown. For clarity, however, only tracings of two subunits related by 144°around the viral fivefold axis are drawn. The narrowest opening located on the surface has a diameter of ca. 7.5 Å and is comprised of the DE loops of the S subunits. The second constriction (ϳ8.5 Å in diameter) is roughly in the middle of the channel and is formed by the pentameric annulus. A similar annulus was also identified in the CPMV structure. (B) BPMV. Two subunits related by 144°around the viral fivefold axis are shown. The N termini fold in the direction opposite that of RCMV and CPMV, and there is no annular structure. gion may be related to the fact that strain O produces considerably less top component (empty, protein-only shells) than strain S (34) .
The identity between the C-terminal portions of the 48K movement proteins of strains S and O is 60.4%, considerably less than that found in the coat proteins. Most of the changes are concentrated near the C terminus of the 48K protein and include a number of deletions (Fig. 4B) . These changes occur in precisely the region that has been implicated in the interaction between the tubules containing, and probably formed by, the 48K protein and virus particles in the case of CPMV (30) . These changes in the 48K protein may be needed to compensate for differences in the surface properties of the virus particles of strains S and O.
A structural fingerprint for subgrouping comoviruses. A noticeable surface feature of RCMV and other comoviruses is the protrusion centered around the viral fivefold axes (Fig.  1A) . This protrusion is formed by the pentameric S subunits which are not tangential to the spherical capsid. Looking down the fivefold axis toward the viral interior, there is no part of the S subunit that approaches the particle symmetry axis. A channel is apparent along the fivefold axis running from the exterior to the interior (Fig. 6) . RCMV bears more similarity to CPMV than to BPMV in this part of the structure.
The channel has an overall funnel shape, with the narrow end at the outer surface and the wider end in the interior. The narrow end is comprised of the DE loops of the S subunits reaching over the innermost FG loop of the jelly-roll ␤-sandwich structure and clustering around the fivefold axis (Fig. 6A) . The opening at this end is about 7.5 Å. Farther down the fivefold axis, a second constriction can be found in RCMV and CPMV, but not in BPMV (Fig. 6) . This occurs as a result of the three N-terminal residues of the S subunits forming a pentameric annulus structure (Fig. 7) . Similar annular structures were found in a number of icosahedral viruses (reference 17 and references therein). In CPMV and RCMV, the amino group of the N terminus forms a hydrogen bond with the main chain carbonyl oxygen of the neighboring third residue. The opening is ca. 8.5 Å. No constriction is found in BPMV since it lacks the pentameric annuli (Fig. 6B) .
The original subgrouping of RCMV with CPMV and of BPMV with CPSMV was based on the degree of similarity between the proteins (48K, L, and S) encoded by their RNA 2 molecules (9). However, the extensions of this approach to other comoviruses were not particularly revealing, and no obvious discriminating criteria could be derived for subgrouping Andean potato mottle virus (APMV) (46) and several strains of squash mosaic viruses (SqMV) (15, 19) . The results were especially ambiguous in the case of APMV, which shares a high degree of similarity with BPMV but a comparatively low degree of similarity with CPSMV (15) . This discrepancy is inconsistent with the previous placement of BPMV and CPSMV in the same subgroup (9) .
Structural alignment (i.e., protein sequence alignment based on superposition of 3D structures) of RCMV, CPMV, and BPMV indicates that one of the discriminating sequence differences between the two subgroups is at the N termini of the S subunits. The N-terminal residue of the RCMV and CPMV S subunits is glycine in both cases, instead of serine as found in BPMV. Moreover, the N-terminal sequences of both the CPMV and RCMV S proteins are three residues longer than that of the corresponding BPMV protein. These three residues form the pentameric annuli observed in the X-ray crystal structures. Glycine residues are preferred as the first residue to avoid space constraints in the formation of the annular structure. The shorter N termini of the S subunits of BPMV prevent the formation of the annulus, and they are folded in the opposite direction (Fig. 6B) . Thus, the longer N termini, with a glycine as the terminal residue, can serve as a fingerprint for the subgrouping of comoviruses between CPMV-like and BPMV-like viruses.
The above fingerprint is used to verify the subgrouping of CPSMV with BPMV based on sequence homology criteria (9) . Although protein sequence alignments suggest that the CPSMV S subunit would adopt an overall architecture similar to those of CPMV, RCMV, and BPMV (Fig. 8) , the N terminus of the CPSMV S subunits resembles that of BPMV in both length and terminal residue. It is therefore reasonable to suggest that, as in the case of BPMV, a pentameric annular structure is not formed, supporting the previous subgrouping of CPSMV with BPMV. When the structural alignments are extended to include the sequences of the S proteins of APMV (46) and SqMV (15, 19) , subgrouping with BPMV is predicted in each case (Fig. 8) . The N terminus of the APMV S subunit is two residues shorter than the length required for the formation of the annular structure. Moreover, the N-terminal residue is phenylalanine, which would not be conducive to the formation of the annular structure. Similarly, the N terminus of the SqMV S subunit is one residue too short, and, like BPMV, the S subunit of SqMV has a serine residue at its N terminus. It can therefore be concluded that, based on structural criteria, there are two major subgroups of comoviruses. One group includes CPMV and RCMV; the other includes BPMV, CPSMV, APMV, and SqMV. This conclusion is consistent FIG. 8 . Sequence alignment of comovirus S subunits based on the 3D structures of RCMV, CPMV, and BPMV. The secondary structure assignments are shown at the top of the sequences. The boxed residues at the beginning of CPMV and RCMV sequence are those involved in the formation of the pentameric annuli. The boxed residues in the C termini of CPMV, RCMV, and BPMV are not visible in the X-ray structure. The uppercase letters represent identities. The overall similarity in the alignment suggests that all six viruses adopt similar capsid structures. The most notable differences between the CPMV and RCMV S subunits and those of the other comoviruses reside in the N and C termini (see text). The sequences used in the alignment are CPMV (52), BPMV (32), CPSMV (9), APMV (46), strain S of RCMV (41) , and strain Z of SqMV (15) .   FIG. 9 . Subgrouping of comoviruses. Comoviruses are placed in two major subgroups, CPMV-like viruses and BPMV-like viruses, based on a discriminating structural element, the pentameric annulus. A further classification of BPMVlike viruses is by the structural element, the pentameric annulus. Further classification of BPMV-like viruses is based on nucleotide sequence homology calculated by Haudenshield and Palukaitis (15) . Similarity at the C termini, however, places APMV closer to BPMV and CPSMV in the BPMV-like subgroup.
with the proposed subgrouping of SqMV based on the calculation of a parsimonious phylogenetic tree made by using RNA 2 nucleotide sequences (15) . Moreover, structural alignment clearly places AMPV in the subgroup of BPMV-like viruses.
Another noticeable feature in the structural alignment of the S proteins of different comoviruses is that the length of sequence on the C-terminal side of the ␤I strand for BPMV, CPSMV, APMV, and SqMV (22, 22, 20 , and 8 amino acids, respectively) is considerably less than it is for CPMV and RCMV (38 and 40 residues) (Fig. 8) . Particularly striking is the fact that the C-terminal region of the SqMV S subunit is 32 residues shorter than its RCMV equivalent, having a total length equivalent to that of the ordered C-terminal polypeptide seen in the crystal structures of RCMV and BPMV. Though the full implications of these findings await further investigation, the C-terminal region of the S subunit of CPMV has been implicated in the packaging of the viral RNA (49) . Taking into account all of the data from the structural and   FIG. 10 . Stereoviews of the nonprotein density and the pentameric annuli observed in the channel along the viral fivefold axis. The annuli are shown in "ball-and-stick," and the electron density is shown in "chickenwire." The difference electron density maps are calculated with Fourier coefficients of F o e i␣(ave) Ϫ F model e i␣(model) . Any density shown in these maps would be that which has not been included in the atomic model. (A) RCMV. A bulky density is observed atop the annulus. It appears that this bulky density cannot penetrate further into the capsid due to the blockage by the annular structure. The virus was prepared from infected plant leaves without ultracentrifugation in a CsCl gradient. (B) CPMV. The density is spherical, suggesting metal ion, and it is situated inside the opening of the annulus. There is no obvious barrier between the spherical density and the viral interior. The preparation of the virus used in the structure determination involved ultracentrifugation with CsCl gradients. Both electron density maps are contoured at 3.5. This figure was drawn by using the program BOBSCRIPT (13).
nucleotide sequence alignments, a scheme for subgrouping comoviruses is suggested as shown in Fig. 9 .
Comparison of the pentameric annuli of RCMV and CPMV. Despite sharing a similar pattern of hydrogen bonding, there is a noticeable difference between the annular structures of RCMV and CPMV (Fig. 7) . The annulus of RCMV is starshaped, with each N-terminal sequence extending first upward and then downward. By contrast, that of CPMV is crownshaped, with each N-terminal sequence extending upward toward the exterior of the virion. Of greater significance, however, is the difference in the electron densities associated with the annuli in the two viruses, differences which seem to critically influence the annular structure. While spherical density, suggesting the presence of metal ions, is found in CPMV, a much bulkier density is found in RCMV (Fig. 10) . This difference is most probably due to the fact that additional purification by CsCl gradient was employed in the preparation of CPMV for the structural studies (Lin et al., submitted). The conformation of the CPMV annular structure also allows the carbonyl oxygen of the N-terminal glycine to interact with the putative metal ion (Fig. 7B) . The bulky density seen in RCMV probably represents some native material which can be replaced with metal ions, as seen in CPMV. The location of the putative metal ion in CPMV suggests that it can diffuse further into the interior of the capsid; it is situated inside the opening of the annulus, and there is no further barrier toward the interior (Fig. 10B) . This is consistent with the findings that significant amounts of Cs ions diffuse into the CPMV B L component (53) and that the annular structure was perturbed by the flux of large amounts of Cs ions into the CPMV capsid (Lin et al., submitted). By contrast, the bulky density found in RCMV is situated above the annulus and seems to be prevented from further diffusion into the capsid (Fig. 10A) . It seems quite possible that the channel is a conduit, with the pentameric annulus playing a discriminatory role for the exchange of material between the viral interior and the environmental exterior. No density is found in the equivalent region of the BPMV capsid, which does not possess annuli (10) and is not Cs permeable.
Structural evolution. Structural studies have suggested that picorna-like viruses (nepoviruses, comoviruses, and picornaviruses) have evolved from Tϭ3 viruses by gene triplication, independent evolution of each ␤-barrel sandwich domain, and the development of cleavage sites in the polyprotein (8, 10, 18) . Consideration of the complexity of the capsid structures places nepoviruses in the lower, comoviruses in the middle, and picornaviruses in the higher part of the evolution tree. Structural alignments suggest that the N terminus of the BPMV S subunit is not much different in structure from the equivalent polypeptide in a nepovirus, tobacco ringspot virus (18) . It points away from the fivefold axis and is structurally unsophisticated (Fig.  6B) . By contrast, the N termini of the CPMV and RCMV S subunits point in the opposite direction, with the extra residues allowing the formation of the pentameric annular structure that seems to correlate with Cs permeability. It therefore seems reasonable to suggest that the BPMV-like comoviruses are closer to nepoviruses in evolution, with the separation of L and S subunits. On the other hand, CPMV-like viruses are closer to picornaviruses in evolution, with more sophisticated features developed at the N termini of the S subunits.
